Abstract -Active capsule robots are studied widely all over the world, and various prototypes have been devised, e.g. the "internal force-static friction" capsule robot. During the previous research on this capsubot, we have found that the intestine's resistance characteristic is of great importance to both the design and motion control of the capsubot, however, there are very few studies on the viscoelasticity of the small intestine, and that may make the main causality of the capsubot's motion failure. In this work, experiments are performed based on two different methods: the stress relaxation on the self-made measurement system, and the shear measurement on the dynamic mechanical analyzer (DMA). As a result, we obtain a five-element model, describing the viscoelasticity of intestines, and find that the relaxation modulus varies with the range of strain. The DMA test indicates that the storage modulus descends with the increasing shear strain, which means the hyper-elasticity of small intestine can be measured numerically. Also the strain energy density and stress-strain hysteresis loops can be obtained. This work paves the way for the modeling of intestine and the finite element analysis (FEA) in the future.
I. INTRODUCTION
The research on Capsule Robot (Capsubot) has been developing since Ikuta's work [1] in 1988. These years, various useful researches come forth for finding out an effective way to carry out the motion in gastrointestinal tract, e.g. the inchworm-like mechanism developed by Dario [2] , Kim [3] the shape memory alloy-based actuator for the legged endoscopic capsule by Gorini [4] , the external magnetic field driven actuator by Sendoh [5] , and the "internal force-static friction" capsubot by Li [6] .
However, the researches are still in laboratories; never make it come true to drive the capsule in real intestine. Researchers realized that failures may arise from the complex material characteristics of intestine. No matter what mechanism is adopted, we have to learn more about hyperelasticity and viscoelasticity of the intestine, so that a more effective mechanism or smarter control strategy may come true. Therefore, Kim et al [7] carried on an investigation in the frictional and viscoelastic properties of intestine. A fiveelement model is adopted to characterize the viscoelasticity of intestine in elongation, and experiments indicate that the frictional resistance of capsule would be apparently affected by the normal load, the contact surface area and capsule's speed. Wang et al. [8] tested frictional force by measuring the current of the motor hauling the frictional coupons at an even speed, concluding that the nominal frictional force is related to the elastic restoring force, the real frictional force and the contact angle. Wang et al. [9] discussed the relationship of capsule dimension, moving speed and resistant force. Recently, Zhang et al. [10] tested the friction force between moving capsubot and intestine, and concluded that the faster the capsubot moves, the larger the friction is. Based on the researches above, to some extent we have gain the intuitionistic information on material characteristics of intestine affecting the capsubot's locomotion; however, the knowledge is not enough. After the observed experiments, we should study more about the viscoelasticity and hyperelasticity of intestine tissue, and relate the mechanics of intestinal material to the capsubot's locomotion in theory; hence the modeling and finite element analysis can be introduced.
In this paper, two experiments are adopted to study the viscoelasticity of intestine: the shear stress relaxation and shear dynamic mechanical analysis. Section II take the "internal force-static friction" capsule robot for example, and discuss the capsule's motion difficulty in our previous work. Section III study the shear stress relaxation of intestine tissue, a five-element viscoelastic model is introduced. Section IV study the dynamic mechanics of intestinal material based on the DMA tests. Section V come to the conclusion that the consistent results of the two experiments indicate reliability.
II. THE "INTERNAL FORCE-STATIC FRICTION" CAPSULE ROBOT

A. Mechanism and Driving Principle
The "internal force-static friction" capsule robot consists of two parts: a shell and a sliding mass. The capsule robot must finish four steps before moving forward: 1) Large backward accelerated motion of the sliding mass. Forward accelerated motion of the shell.
2) Small backward decelerated motion of the sliding mass. Forward decelerated motion of the shell.
3) Small backward decelerated motion of the sliding mass. The shell remains stationary. 4) Forward slow motion of the sliding mass. The shell remains stationary. 
B. Previous work: the difficulty in motion
As described in Section II-A, the "internal force-static friction" capsule robot moves on the desk well. In fact, the capsubot moves smoothly and reaches the speed as high as 32mm/s on the table, without any blocks. However, in the intestine we could not get such perfect results. The "labored" capsule robot remains moving slowly on the intestine tissue cut open, sometimes even stuck, when we changed no matter the parameters of the driver, the coil inside or the input voltage (see Fig. 2 ). From the experiments, we conclude that the material characteristics of intestine would be the main cause of the different performances on the table and on the intestine tissue cut open. Apparently, the stiffness of table is much larger than the intestine tissue, so the static friction supplies important factor to make the capsule robot's mechanism work smoothly; whereas, the intestine tissue is of hyper-elasticity, viz. low modulus and large deformation, so the mechanics changes, and to make the capsule move on the tissue is in difficulty. Therefore, it is necessary to do more research on the viscoelasticity of intestine. To test simply the friction between the capsule shell and intestine tissue is not enough, and we must research the damp beneath the tissue so that it would be an effective way to find how to conquer the viscous damping of intestine. In the next, we will introduce two experiments.
III. STRESS RELAXATION OF THE INTESTINE
A. The Experimental Principle
Stress relaxation experiment is an important method tostudy the viscoelasticity. In our work, this experiment is performed on the self-made system.
The experimental design follows exactly the material experiment theory, We tested the force when displacement varies from 1mm to 9mm, and a five-element viscoelasticity model is introduced to fit the experimental result, as shown in Fig. 3 . H . In Section III-C, we discuss the interesting phenomenon.
B. The Measurement System
The self-made measurement system was set up as Fig. 4 . The in-vitro stress relaxation measurement was performed as following: Fig. 4 The measurement system for stress relaxation 1) Cut off a segment of clean porcine intestine (still alive 1 hour ago), put it through the "vacuum absorption assembly", and tie the tissue to the ringers at both ends;
2) Pump out the vacuum layer inside the assembly by an injector, and clamp the plastic pipe, make sure the intestine is affixed to the inner column and the negative pressure steady;
3) Set up the measurement system as shown. When the probe moves back and forth, inside the vacuum absorption assembly, the micro-force sensor would record. The silver tracks make sure the motion is smooth and the system error negligible. Then we can put in a step displacement of the probe, and change the range of step at will. The "vacuum absorption assembly" is shown in Fig. 5 . Fig. 5 The section of the vacuum absorption assembly
The precision of the coreless linear motor (Nikki Denso, NLA-7SL series) reaches 1 m P , and the micro-force sensor reaches 1 . mN
C. The Experiment, Results, and Analysis
The experiment is performed following items in Table 1 . Our intention is to fit the stress relaxation data, using a viscoelastic model. After trials, the five-element model was proved to work well. According to equation (4), we can get the initial relaxation modulus Y(0) distinctly:
(0) Y E E 3 E Divide the displacement of the probe by its length then we get 0 H . The vacuum absorption assembly is introduced for simple shear test and in this paper, only engineering strain is discussed, i.e. the change of intestinal wall's thickness is negligible while testing. Fig. 6 shows the stress relaxation with the shear strain increasing from 50% to 200%. The curves all decrease from their highest points to some steady states so the combination of exponential functions, e.g. equation (3), can fit the experimental results. Fig. 7 proves the fitting of five-element model effective.
The highest points of each curve do not increase monotonously with the initial strain, displaying the nonlinearity of intestinal material characteristics. Hence, according to equation (5) we have Fig. 8 , which displays the change of initial relaxation modulus. Fig. 6 The shear stress relaxation, with initial strain being 50%, 100%, 150% and 200% Fig. 7 The fitting results of the five-element model Fig. 8 reveals an important characteristic of the small intestine tissue, that is, the initial relaxation modulus would rapidly decrease down, with the large shear strain happening. When the strain is above 250%, the amount of initial relaxation modulus could be considered steady. In some sense, not that precisely, the elasticity of intestine tissue could be seen as a "soft" spring, and the "Young modulus" is getting smaller if not considering the strain velocity. Table 2 shows the important parameters from the fitting results of 9 tests, using the five-element model. For instance, the column of indicates, that the intestine would be getting soft with the strain increasing in a larger time scale, and would get close when the strain is large enough. Table 2 comprises essential information on the change of the 3 E 3 intestine's viscoelasticity with the amount of strain. Hence, the finite element analysis can be feasible, for example, we just take the intestine tissue as some "special spring", which changes its characteristic at different strain regions, and in each region, which can be seen as a single linear viscoelastic spring. After the confirmation of parameters of the "five element models", we can calculate the dynamics of intestine tissue, based on the theory of viscoelasticity in brief. Fig. 9 displays the relaxation modulus Y(t) within the strain of 50%-200%, which indicates that the finite element analysis is getting possible. Fig. 9 The relaxation modulus decades with time, and is related to the strain. The red, blue, green and black curves are tested and calculated at a strain point of 50%, 100%, 150% and 200%, respectively.
IV THE DYNAMIC MECHANICAL ANALYSIS OF INTESTINAL TISSUE
The stress relaxation test reveals, in part, the viscoelasticity of the intestine; nevertheless, it is not sufficient because the research relies on some viscoelastic model, but no model is proved effective on different strain or oscillating frequency until now. The nonlinearity of intestine makes the research difficult, besides, the time scale of relaxation is large, and we are more interested in the intestine's transient mechanical behavior. Hence, we make a trial to test the dynamic behavior of intestine tissue directly.
A. Measurement Based on Dynamic Mechanical Analyzer
According to the linear viscoelasticity theory, the relationship between stress and strain is:
where , the other essential parameters about viscoelastic materials can be researched through the relationship above. A Dynamic Mechanical Analyzer (DMA) is adopted to perform the experiment, because of the capability for producing sinusoidal strain (See Fig. 10 ). Fig. 10 The simple shear test on DMA As seen in Fig. 10 , the intestinal tissue is sampled and cut into rectangles of the same size. The shear motion happens symmetrically on both sides of the stick in the middle. Choose different oscillating frequencies and amplitudes, and DMA would produce the sinusoidal strain. Fig. 11 indicates the tissue's transient elasticity. As seen, the storage modulus decreases rapidly, and gets to some steady low state. Each individual linked curve represents a trial of test. In stress relaxation experiment, the initial relaxation modulus descends too, i.e. Fig. 8 and 9 indicate the transient elasticity from different points of view, respectively, and the results are compatible. Fig. 12 is calculated from storage modulus and loss modulus, based on the DMA test, indicating the relationship between strain energy density and the strain. The Ycoordinate represents the energy needed when the sample deforms as equation (8), from 0 the maximum, for intestinal tissue of unit volume. There is a "leap" between 15% and 20%, and we infer that the intestine's material mechanical characteristics changed at this point. The square measure of the ellipsoid represents the necessary energy during a sinusoidal period, for the deformation of the tissue of unit volume. The ellipsoids are all askew because of the viscoelasticity, and the amount of obliquity is related to G . If the ellipsoid parallels the abscissa, the tissue is close to liquid and the elasticity is nearly 0. In fact, when the strain is much enough, this phenomenon is observed in DMA test.
B. The Results and Analysis
V. CONCLUSION
In this paper, we have studied the viscoelasticity of intestinal tissue. The stress relaxation experiment, using selfmade measurement system, and the dynamic analysis by DMA test are introduced. A five-element model is adopted, and proved working well; based on the model, we can calculate the relaxation modulus. From the two methods, we understand the essential viscoelastic characteristics of intestine, e.g. the descending storage modulus and relaxation modulus, the nonlinearity at some singular points, and the strain energy density function which is relating to the capsule robot's motion capacity. Now numerical calculation is possible, so in the future, we would like to discuss some finite element analysis cases, based on some known conclusion. Because of the intestine's nonlinear viscoelasticity, it is difficult to find a uniform model for all tests. In order to relate the FEM to capsubots' real locomotion inside the intestine, we should analyze more test results and improve the model. 
